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Abstract 
This paper reviews recent progress in the study of rare gas films on quasicrystalline surfaces.  The 
adsorption of Xe on the 10-fold surface of decagonal Al-Ni-Co was studied using low-energy 
electron diffraction (LEED).  The results of these studies prompted the development of a 
theoretical model, which successfully reproduced the thermodynamic parameters found in the 
experiment.  Grand canonical Monte Carlo (GCMC) simulations for Xe produced structures 
agreed with the experimental observations of the adsorption structures and provided a deeper 
insight into the nature of the ordering.  A first-order commensurate-incommensurate transition 
that involves a transition from a quasicrystalline five-fold structure to a periodic hexagonal 
structure was discovered and characterized for the Xe monolayer. The five rotational domains of 
the hexagonal structure observed in the LEED study were shown in the GCMC study to be 
mediated by pentagonal defects that are entropic in nature, and not by substrate defects.  The 
GCMC study found an absence of any such transition for Kr, Ar and Ne on the same surface.  A 
detailed analysis of this transition led to the conclusion that the formation of the hexagonal layer 
depends on matching the gas and substrate characteristic lengths.   
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 One motivation for studying the growth of films on quasicrystalline surfaces is the 
possible realization of new aperiodic structures, particularly those that contain a single element 
rather than the alloys normally associated with quasicrystals [1].  The tremendous variety of 
structures observed already in thin film growth on quasicrystal surfaces [2] indicates that these 
structures depend on a delicate balance of the adsorption interactions, which include the various 
bonds that form between the adatoms and substrate atoms, as well as inter-adatom interactions.  
Because of the complexity of the chemical bonding involved in metal films, we recently 
embarked on a series of experimental and theoretical studies of rare gas adsorption on quasicrystal 
surfaces in order to gain insight into the physical parameters that govern their growth [3-6].  The 
relative simplicity of rare gas interactions and the vast experience in modeling rare gas adsorption 
provides an ideal basis for understanding the effects of quasicrystallinity on adsorption.   
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Low-energy electron diffraction (LEED) experiments for Xe adsorbed on the 10-fold surface of d-
Al-Ni-Co [3] found that Xe adsorbs layer-by-layer on the surface.  The ordering of the first 
monolayer could not be established because LEED probes several layers [7], but non-
quasicrystalline ordering was observed to occur at the onset of second layer adsorption.  The 
bilayer structure was determined to consist of two layers of hexagonal Xe, with an average 
nearest-neighbor spacing of 0.44 nm.   This hexagonal structure has a definite alignment with the 
substrate.  Five different rotational domains are present, each having one of its six-fold axes 
aligned parallel to a different five-fold direction of the quasicrystal.  At higher coverages, the film 
structure was found to be that of Xe(111) (still with five domains).  The heat of adsorption of the 
monolayer Xe was measured to be 250 meV, which is similar to values obtained for Xe 
adsorption on a variety of metal surfaces [8].   
 
This system was modeled using Lennard-Jones potentials for the Xe-Xe and Xe-substrate 
interactions [9].  The interaction of the Xe with the Al-Ni-Co substrate was obtained by summing 
pair potentials for a Xe atom and all of the substrate atoms in an 8-layer slab.  The positions of the 
atoms in the 8-layer slab were taken from the results of a LEED analysis of the surface structure 
of Al-Ni-Co [10].  The Lennard-Jones parameters for the pairs were derived using conventional 
combining rules and experimental heats of adsorption [9].  The resulting Xe-substrate potential is 
shown in Figure 1.  A similar procedure was followed to obtain the potentials for Kr, Ar and Ne 
[11].  A common feature of all of these potentials is that they are relatively deep and highly 
corrugated compared to rare gas potentials for other metal surfaces.  Table 1 shows the range of 
adsorption energies for each of the rare gases, compared to values for Xe adsorption on a few 
other surfaces.   
 
 
 
Figure 1. (color online). (a) Minimum potential energy for a Xe atom above an Al-Ni-Co surface, 
calculated using Lennard-Jones potentials.  The size of the square region is 5.6 x 5.6 nm.  (b) Line profiles 
(locations shown in (a)) for the potential energies of three parallel paths across the surface.  The profiles at 
0.13 nm and 0.47 nm indicate paths of relatively low average potential energy, while the profile at -0.11 
nm indicates a path of relatively high average potential energy. 
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Table 1.  Adsorption well depths and corrugations for selected rare gas adsorption systems.  The Vmin 
Range column refers to the range of the potential energy minima found at different locations on the 
surface.  <Vmin> and ∆Vmin refer to the average well depth and the corrugation amplitude, respectively. The 
entries for single metal substrates are taken from a density functional theory (DFT) study of Xe adsorption 
[13].  The well depths for those are the experimental values reported in that paper, and the corrugation is 
the DFT-LDA calculated difference in energy between the top site and fcc hollow site.  
 
Substrate Gas VminRange (meV) <Vmin> (meV) ∆ Vmin (meV) 
Al-Ni-Co Ne -71 to -33 47 38 
Al-Ni-Co Ar -181 to -85 113 96 
Al-Ni-Co Kr -225 to -111 146 114 
Al-Ni-Co Xe -283 to -155 195 128 
Cu(111) Xe ---- 190 9 
Pt(111) Xe ---- 310 49 
Pd(111) Xe ---- 360 51 
 
 
 
The submonolayer adsorption of Xe and Ar was first studied using the virial expansion equation 
of state, applicable in the limit of low coverage (Henry’s Law regime) and at a somewhat higher 
coverage where the interadsorbate interactions become appreciable [9].  For the case of Xe, the 
temperature (T) and pressure (P) conditions found for the onset of adsorption agree well with the 
experimental values obtained from equilibrium isobars.  
 
The large corrugation of the potential was found to have a significant effect on the adsorption 
behavior.  An examination of the second virial coefficients for Xe and Ar indicates that the 
interaction between the adsorbed atoms is significantly more attractive than on a flat surface 
having the same average holding potential.  This is because the corrugation brings the adatoms 
closer together than on a flat surface.  This increased attraction also contributes to a larger heat of 
adsorption.  The calculated heat of adsorption for Xe at a coverage of 0.25 and T= 70 K is 305 
meV, close to the experimental value under the same conditions (300 meV) [9].  Therefore, we 
have a high degree of confidence that the calculated potentials are accurately describing the 
experimental system. 
 
In order to gain insight into the ordering of the rare gas films, grand canonical Monte Carlo 
(GCMC) simulations were performed using the calculated potentials. One question that arose 
from the experiments on Xe adsorption concerns the order of the monolayer: is it quasiperiodic or 
disordered?  A second question concerned the relative ease with which the film adopted a 
hexagonal structure at the onset of the adsorption of the second layer, especially considering the 
highly corrugated potential, which does not have hexagonal symmetry.  As described below, both 
questions were addressed in the simulations. 
 
In the GCMC simulations, the adsorption behavior of the rare gases on the Al-Ni-Co was first 
characterized using adsorption isotherms, as shown in Figure 2.  Although vertical risers (steps) 
are evident in the isotherms, indicating layer-by-layer growth of the rare gases, the shapes of the 
isotherms have characteristics that differ from those obtained from typical periodic substrates[12].  
In particular, the plateaus between the steps corresponding to first-layer and second-layer 
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adsorption are not as horizontal as subsequent plateaus, and furthermore, their slopes increase 
with the declining size of the rare gas atoms.  Both observations are consistent with the large 
corrugation of the substrate potential. The flatness of the subsequent plateaus indicates that gas 
monolayer produce flatter (less variable potential energy) surfaces for the adsorption of 
subsequent layers.  Furthermore, the corrugation of the substrate potential has a larger effect on 
the smaller gas atoms, as might be expected, since they penetrate farther into the potential energy 
“holes”, that are as large as 0.4 nm wide.   
 
 
 
Figure 2. (color online). Calculated isotherms for Ne, Ar, Kr and Xe on Al-Ni-Co, showing adsorbed 
density vs. P.  The T’s of the isotherms are chosen so that T = 0.35e, where e is the Lennard-Jones gas 
phase interaction parameter.  The actual T’s are 11.8 K, 41.7 K, 59.6 K and 77 K, respectively. Note the 
large density variation in the first (low P) plateau relative to later (high P) plateaus, and the large density 
variation for the smaller gases relative to the larger gases.   
 
 
 
We can see effect of the corrugation on the adsorption distance of the gases if we compare the 
average perpendicular height of the gas atoms, dgs, on the quasicrystal surface to the same 
parameter on a flat surface having the same average holding potential, as shown in Table 2.  For 
all gases, dgs is smaller than on the flat surface.  The larger effect on the smaller gases can be seen 
by normalizing difference between these values to the size of the gas atom, as shown in the last 
column of Table 2.  The difference relative to the gas size is larger for the smaller gases, 
indicating a larger relative effect of the corrugation on the smaller gases.   Table 2 also gives 
similar values obtained from the obtained from LEED studies for Xe on metal surfaces, which are 
far less corrugated than the QC (see Table 1).   The dgs values for these are considerably larger, 
except in the case of Pd(111), which has a significant chemical component within the gas-
substrate bond [13]. 
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Table 2.  Average adsorption height dgs for the first layer of adsorbed rare gases.  For the Al-Ni-Co this 
was determined from the GCMC simulations.  For the single metal substrates, it was determined from 
LEED studies for the commensurate (√3x√3)R30° structures [15].  d(g-flat) is the calculated adsorption 
height for the gases on flat substrates having the same average holding potential as the corrugated surface.  
∆ is the difference between the d(g-flat) and dgs.  σgg is the Lennard-Jones parameter for the gas.   
 
substrate gas d(g-flat) dgs  ∆ σgg ∆/σgg 
Al-Ni-Co Ne 2.6107 2.3578 0.0657 2.78  0.8481 
Al-Ni-Co Ar 2.9131 2.6017 0.071 3.4  0.7652 
Al-Ni-Co Kr 3.0098 2.7125 0.0631 3.6 0.7535 
Al-Ni-Co Xe 3.2510 3.0456 0.033 4.1 0.7428 
Cu(111) Xe  3.60  4.1  
Pt(111) Xe  3.4  4.1  
Pd(111) Xe  3.07  4.1  
 
As might be expected from systems having similar values for gas-gas interaction energy and the 
lateral variation in potential energy, the simulations indicate that Xe adsorption on Al-Ni-Co is 
rich with phenomena arising from competing interactions [4-6].  The first structure that forms 
upon adsorption of the monolayer is indeed ordered and quasicrystalline, having the same 
symmetry as the substrate.  As the monolayer compresses (through further adsorption), it 
undergoes a first-order phase transition into a hexagonal monolayer.  The exact conditions (T, P) 
under which this transition occurs vary somewhat, as discussed below, but it always occurs before 
the onset of the second layer.  This finding is somewhat at variance with the experimental finding, 
for which the simplest interpretation is that there is a continuous conversion to six-fold order as 
the second layer forms, suggesting that the second layer is required for the conversion.  However, 
we note that it is difficult to pinpoint the onset of the hexagonal ordering in the experiment. 
Nevertheless, the transition of Xe to a six-fold structure occurs in both the experiment and the 
simulation, whereas it is not observed in simulations for other gases, as described below.  An 
interesting feature of the six-fold structure that was evident in the simulations is that the different 
rotational domains present on the surface are a consequence of pentagonal defects present in the 
overlayer, and not due to substrate defects [5, 6]. 
 
The phase transition from the 5-fold quasicrystalline structure to the 6-fold hexagonal structure 
was characterized by defining an order parameter ρ5-6: 
 
ρ5−6 ≡
N5
N5 + N6
, 
 
where N5 and N6 are the numbers of atoms having 2D coordination equal to 5 and 6, respectively 
[6, 11].  Figure 3 shows this order parameter for Xe as a function of the reduced chemical 
potential: 
µ* ≡ µ − µ1µ2 − µ1
, 
 
where µ1 and µ2 are the chemical potentials of the onset of the first and second layer formation, 
respectively.  The sharp drop in the order parameter near µ* = 0.8 is indicative of a first-order 
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phase transition.  This structural phase transition can be thought of as a commensurate-
incommensurate transition, since the structure at low µ is commensurate with the substrate, 
whereas the structure at high µ is incommensurate, and furthermore has a different symmetry than 
the substrate.   
 
 
Figure 3.  Order parameter r5-6 vs. reduced chemical potential µ* for Xe on Al-Ni-Co along the monolayer 
plateau of the 77 K isotherm.  The commensurate-incommensurate transition from the five-fold to the six-
fold structure is evident as a step at a µ• value of about 0.8.   
 
Interestingly, similar graphs for the other rare gases indicate that no transition occurs[11], even 
after 2nd and 3rd layer adsorption.  That is, the film never converts completely to a hexagonal 
structure in these cases.   On a completely flat surface, lacking atomicity, the 2D solid structure is 
expected to be hexagonal at all coverages.  Therefore, while the corrugation of the quasicrystal 
delays the hexagonal ordering of Xe until nearly a monolayer is present, it precludes the 
hexagonal ordering for the smaller rare gases for all coverages up to several layers.   
 
The conditions under which an incommensurate structure forms is particularly relevant to 
interfacial friction [14].   The results of the simulations described here indicate that the size of the 
gas atoms is the most important factor for determining whether an incommensurate structure will 
form.  More precisely, the mismatch in size between the adsorbate and the substrate determines 
whether a transition will occur. The potential shown in Figure 1 shows an aperiodic corrugated 
surface.  Although the surface is aperiodic, there are paths of relatively low energy (troughs).  
Figure 1 shows 3 paths through this potential.  We expect that the gas atoms preferentially choose 
these troughs for adsorption sites.  While the troughs themselves are aperiodically spaced, the 
average spacing between them is 0.38 nm, which is exactly the inter-row distance present in bulk 
Xe.  Therefore, if Xe atoms line up in the troughs, their inter-row distance is exactly that of bulk 
Xe planes, and therefore the substrate facilitates the formation of a hexagonal Xe layer.  This is 
not the case for the smaller rare gases. 
7 
 
Table 3.  Adsorption potential parameters for a variety of Xe-like gases.  SD is the standard deviation of 
the variation of adsorption energy, a measure of the magnitude of the corrugation. 
 
Gas σgs (nm) SD (meV)  σgs/ SD transition 
dXe(1) 0.260 29.18 112 no 
dXe(2) 0.316 19.33 61 no 
Xe 0.326 17.93 55 yes 
iXe(1) 0.396 11.21 28 yes 
iXe(2) 0.458 7.77 17 yes 
 
 
This fortuitous conjunction of natural spacings for Xe and this Al-Ni-Co surface is clearly an 
important condition for the formation of the hexagonal layer for Xe.  The corrugation of the Al-
Ni-Co potential prevents the transition for smaller gases.  But does the hexagonal ordering rely on 
matching the gas spacing to the QC spacing?  In order to address this, simulations were performed 
on fictitious gases that have the same average holding potential and same gas-gas interactions as 
Xe, but different sizes.  The parameters for these gases are shown in Table 3.  It was found that 
for gases that are at least as large as Xe, there is a transition into the hexagonal phase, indicating 
that the transition does not rely solely on the size match.  For these gases, the effective 
corrugation of the potential is apparently too small to prevent the natural formation of a hexagonal 
layer.     
 
In summary, the studies described here show that for rare gas adsorption 
(1) The Al-Ni-Co potential surface experienced by the adsorbate is highly corrugated 
compared to that on typical metal surfaces. 
(2) The average heights of the gas atoms above the Al-Ni-Co surface are smaller than the 
heights expects for the gas atoms above flat surfaces having the same average holding 
potential. 
(3) The corrugation precludes the hexagonal ordering of rare gases than are smaller than Xe. 
 
This last point is partially due to the coincidental size match between Xe and this QC surface, but 
gases larger than Xe also form hexagonal structures at sufficiently high chemical potentials.   
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